Abstract Some of the most important issues surrounding unconventional oil and gas (UOG) extraction are the possible impacts of this activity on potable groundwater resources and how to minimise and mitigate such impacts. A groundwater vulnerability map for UOG extraction has been developed as part of an interactive vulnerability map for South Africa in an effort to address such concerns and minimize possible future impacts linked to UOG extraction. This article describes the development of the groundwater theme of the interactive vulnerability map and highlights important aspects that were considered during the development of this map, which would also be of concern to other countries that may plan to embark on UOG extraction. The policy implications of the groundwater vulnerability map for managing UOG extraction impacts is also highlighted in this article.
Introduction
Unconventional oil and gas (UOG) extraction has various biophysical and socio-economic impacts, ranging from positive to negative. One of the resources on which UOG extraction can have a severe impact is groundwater resources. Impacts from UOG extraction may range from aquifer dewatering during UOG extraction (Esterhuyse et al. 2016a; Freyman 2014; Grant and Chrisholm 2014) , aquifer deformation (Lechtenböhmer et al. 2011; Zoback et al. 2010; NRC 2012a) , as well as aquifer contamination (Esterhuyse et al. 2016a; Vengosh et al. 2014; Williams et al. 2012) . In some cases, these impacts may be irreversible, such as where aquifer contamination cannot be cleaned up due to economic or physical reasons. Physical clean-up may be impossible, for instance, when certain organic contaminants that absorb to soil particles cannot be effectively removed from aquifer systems (NRC 2012b; GAO 2010) , due to the fact that sorption processes are spatially heterogeneous, nonlinear, and potentially limited by solute diffusion to sorbent material located within the interior of soil particles. Excessive clean-up costs can also hamper effective rehabilitation. Clean-up costs, which is estimated to be in the region of $110-127 billion (but which is likely to be a gross underestimate), remain a significant technical and institutional challenge at approximately 126,000 organically contaminated sites across the USA (NRC 2012b) .
If groundwater resources are to be properly protected, it is important that such impacts should be minimised and managed even before exploration for UOG resources starts. Baseline monitoring of groundwater resources and the development of baseline vulnerability maps that show the location of sensitive groundwater resources are important tools that may assist governments in their decisions to allow, or not allow, UOG extraction in certain fragile areas and may aid in the regulation of UOG extraction in sensitive aquifers.
Most international vulnerability maps to manage and minimize impacts from UOG extraction have focused on groundwater resources (Russack 2012; Rivard et al. 2014) These maps identified vulnerability to water contamination from current fracking operations in areas where UOG resources are already being extracted. The groundwater vulnerability map of the South African case study has however been developed before UOG extraction is to start in South Africa; and thus adheres to the precautionary principle as reflected in international law, that aims to prevent environmental harm when there is scientific uncertainty about such harm.
Developing natural resource baseline vulnerability maps would ensure better protection of natural resources by providing information on sensitive groundwater resources before UOG extraction starts. This information can also directly feed into an adaptive management plan by reducing uncertainty in our understanding of the effects of UOG extraction and risks to natural resources and humans (Brittingham et al. 2014) . Baseline monitoring and mapping would also provide an impartial scientific base to support the sustainable use of resources in UOG extraction areas and will state various data shortcomings that may hamper proper natural resource protection. Countries that are still planning to embark on UOG extraction thus have the unique opportunity to address data needs and perform crucial baseline vulnerability mapping before UOG extraction starts.
This paper discusses the development of the groundwater theme of the South African UOG vulnerability map, where UOG extraction may become a possibility in the future, but is not yet being extracted. This map was developed specifically to assist regulators in assessing vulnerability on a larger spatial scale by considering the possible effects of UOG development across provincial boundaries and themes (e.g. they can compare vulnerability of groundwater and socio-economic factors for a specific region).
Method
For the development of the groundwater theme of the interactive UOG vulnerability map, sensitivity indicators that would indicate groundwater aspects that are sensitive to UOG extraction were identified using the ''impacts'' method (Harvey et al. 2009 (Harvey et al. , 2011 . Using a normative approach (which entails using expert knowledge based on subjective individual or collective expert opinion), groundwater experts were used to identify the relevant groundwater sensitivity indicators for UOG extraction. Although this approach requires time and resources and is limited in its application and transferability to other regions or case studies, the integration of expert knowledge may increase the acceptability of the results (by encouraging transparency, credibility, and pragmatism). Integrating expert knowledge during indicator development is also key to identifying relevant vulnerability indicators (Harvey et al. 2011; Nardo et al. 2005) .
The groundwater experts who participated in the study had to have knowledge of UOG extraction by means of hydraulic fracturing, or had to be involved in research related thereto. In some cases, not all the participants could comply with this requirement, highlighting how new this field of research is in South Africa. To address this issue, possible impacts on groundwater resources that may emanate from exposure to UOG extraction by means of hydraulic fracturing, based on the ''issues/impacts concept'' (Harvey et al. 2009 (Harvey et al. , 2011 Preston and StaffordSmith 2009) , were presented to the experts during the first questionnaire. This information served as a conceptual framework to guide the development of indicators and to help experts understand the links between indicators (Brown 2009 ). It was expected that presenting this information would avoid the selection of a mix of indicators with no clear rationale for their selection. This information was used by experts to assess the appropriateness of indicators that were proposed for mapping various sensitivity indicators in relation to possible impacts.
For the development of the groundwater theme, 14 experts were approached and 12 participated in the indicator selection and classification. Experts ranged from groundwater specialists in academia (2 respondents) to consultancy (7 respondents), and government (2 respondents). One hard rock specialist also contributed to the indicator selection and classification. The years of experience of the experts ranged between 12 and 38 years, with an average of 25 years' experience. Experts were chosen mainly based on their involvement in research or consulting related to UOG extraction, and seven of the contributing respondents complied with this requirement. Four respondents had detail knowledge on governance aspects, five respondents possessed in-depth knowledge on geological structures, and one respondent had extensive knowledge of GIS. Due to the sensitive and politicised nature of UOG extraction in South Africa, and in order to adhere to ethical research practices (Maree et al. 2010) , all responses are treated anonymously.
Two questionnaires were used during the mapping process to engage with the experts for identifying indicators, classifying the base-layer vulnerabilities, and identifying important additional overlay information. In ''Questionnaire 1'', the exploratory indicator identification questionnaire, experts had to indicate the appropriateness of a list of possible indicators that could indicate groundwater vulnerability to UOG extraction on a likert scale that ranged from 1 to 10. The indicators that experts had to assess for suitability in Questionnaire 1, included the South African composite aquifer vulnerability (DWAF 2005) , which is based on DRASTIC (Aller et al. 1987) , geological features such as dolerite dykes, kimberlites and diatremes, faults and shear zones, folded strata (CGS 2013), electrical conductivity (EC) to indicate groundwater quality (DWAF 2005) , and aquifer yield to indicate groundwater volumes (DWAF 2005) . Each of the scale-based questions had a follow-up question in which key informants had to supply reasons for their answers on the scale-based questions. The experts also had to suggest additional indicators where applicable. The results from the scale-based questions were analysed quantitatively in the Statistical Package for the Social Sciences (SPSS) and the descriptive statistics are presented in Table 1 . The qualitative feedback in Questionnaire 1 (where experts had to motivate their ratings of the appropriateness of the indicators) were analysed thematically by identifying the main themes that emerged from their feedback (see Table 1 ).
During the indicator identification phase, experts were also asked to indicate data availability if they indicated the use of alternative indicators. The selected indicators which the experts had to assess for suitability had to be currently available, nationally acceptable, regional-scale indicators for which data was available for the whole country. Localscale indicators were not considered because they do not contain the same level of information throughout the country and because local-scale conditions should be interpreted differently for each site. It was decided to map vulnerability for the entire country since infrastructure development to capture and transport oil or gas as well as store and/or transport wastewater and waste may influence areas outside the target UOG extraction zones.
The expert answers from Questionnaire 1 were used to identify sensitivity indicators to map groundwater vulnerability to UOG extraction. Based on the expert feedback from Questionnaire 1, relevant base-layer indicators (that were to be classified into 5 classes of vulnerability) and overlay indicators were identified for the groundwater vulnerability map. Overlay indicators convey important additional information but did not comply with the study requirements of serving as a base layer (for instance, it did not cover the whole of South Africa). Areas where legislation prescribes how certain activities may take place, where activities are prohibited by law, or where assessment or protection zones are required have also been mapped as overlay indicators.
The base-layer indicator classification of the groundwater vulnerability map and confirmation of the groundwater-related overlay indicators was done via the second round of questionnaires. Based on expert input, the baselayer indicator was then classified into five classes of vulnerability (very low, low, medium, high, and very high). Overlay indicators did not require weighting and were included as overlays on the base maps in the browser.
Results and discussion

Indicator selection
The data received from the first set of questionnaires on indicator selection were analysed and interpreted by quantitatively analysing the scale-based answers by using descriptive statistics as well as qualitatively analysing the expert responses where experts explained their ratings of the indicators, by using thematic analysis. Although descriptive statistics are useful for helping to identify indicators, it cannot be used as a sole measure and qualitative thematic analyses of expert opinions which were also used for final indicator selection. Thematic analyses revealed a few expert concerns with specific indicators that guided the inclusion or exclusion of indicators. The results of the basic analysis for the first round of questionnaires can be seen in Table 1 .
Base-layer indicator
The South African DRASTIC vulnerability map that was developed during the Groundwater Resource Assessment II (GRAII) (DWAF 2005) was selected as the base layer for the UOG extraction groundwater vulnerability map. DRASTIC, developed in the USA with the support of the US Environmental Protection Agency (EPA), was designed to be a standardised system for evaluating the groundwater vulnerability for a variety of land areas (Wang et al. 2011) and usually represents regional groundwater vulnerability. It assesses aquifer sensitivity based on seven hydrological parameters that include the depth to groundwater, recharge rates, aquifer material, soil composition, land slope, vadose zone materials and saturated hydraulic conductivity (Aller et al. 1987) . Each hydrological parameter is assigned a constant as weight (Aller et al. 1987) . Although the indicator did not receive unambiguous support from the experts, many did not take into account the fact that surface activities related to UOG extraction could impact on shallow groundwater quality via surface water/groundwater interaction or on its quantity via extraction for water use during fracking operations. The experts mostly focused very narrowly on the possible deep groundwater quality impact of specifically fracking, while not taking into account possible pollution on the land surface from leaking waste pits, transport accidents, and spillages, amongst others, that may impact on shallow aquifer systems. However, during a recent strategic environmental assessment of shale gas development in South Africa, surface impacts were rated as representing the highest risk to groundwater resources during UOG extraction (Hobbs et al. 2016 ). This makes the DRASTIC indicator currently 
Overlay indicators
Identified geological structures were included as overlay indicators because the potential exists that these features may increase hydraulic connectivity between deep strata and more shallow formations (Broomfield 2012 ), but they are also relevant for shallow aquifer contamination from the surface. Experts also supported the inclusion of these indicators (Table 1) . Lastly, the geological structures are also important in cases where the geological structures may be intersected and stimulated by fracturing, possibly resulting in fluid migration (Cook et al. 2013; Frogtech 2013) . Certain indicators that were suggested by experts in addition to the questionnaire indicators under structures that may indicate increased hydraulic connectivity between deep strata and shallow formations include sills and sill margins, undifferentiated lineaments and thermal springs. These additional indicators were included under structures on the map. Setback rules were used for these structures to ensure better protection of aquifers. This will be discussed in the indicator classification section. The indicators ''Yield'' and ''EC'' were not included as separate sensitivity indicators because many experts felt that yield and EC do not indicate intrinsic aquifer vulnerability. Although the mode for these indicators was 10, responses on the appropriateness of these indicators ranged from 1 to 10, illustrating a large variance. The reasons cited for not including these as indicators of sensitivity to vulnerability were more important than the fact that it received good quantitative support for inclusion in the vulnerability map. Reasons ranged from the fact that poor-quality groundwater and low-yielding aquifers are also socioeconomically important and thus sensitive, especially if these are the only sources of water, a view that is echoed by researchers such as Robins et al. (2007) . There was also the matter that poor-quality water can also be treated to potable standards.
Instead of using yield and EC as indicators, groundwater use as an indicator of socio-economic importance was included under the socio-economics map. Yield and EC information as associated with boreholes were, however, indicated on the interactive vulnerability map in the ''Boreholes'' map overlay. This information is based on the most recent field measurements from the National Groundwater Archive (DWA 2014a). Experts frequently mentioned boreholes for inclusion on the interactive vulnerability map (during both the first and second round of questionnaires). Information on boreholes that experts wanted on the map included mapping boreholes with poor borehole construction, as well as water production boreholes. Although ''boreholes'' are more relevant on a local scale and is a monitoring indicator, the researcher eventually decided to indicate the positions of boreholes that are available on the NGA. The associated borehole information, such as the identifier number, the data owner, coordinates, other numbers, pH, temperature, EC, yield, water use, borehole depth, casing information, and water level information, where available, is indicated if a user clicks on a specific borehole in the ''Boreholes'' overlay. The aim of the borehole information overlay layer is to provide additional reconnaissance information for further detail studies. Setback rules may be applied to water production boreholes, but were not performed for this map, due to the fact that information such as the productivity and use of the boreholes may change (some boreholes may cease to yield productive volumes and may be closed while previously unused boreholes with lower yields or poor water quality may subsequently be used as water production boreholes). It is extremely important that updated borehole information should be indicated in local-scale studies at the time when an oil and gas exploration licence is sought. When plotting water production boreholes, care should be taken to confirm the exact positions of these boreholes. Accurate borehole positions, borehole construction, water use volumes and water quality would be extremely important during monitoring for UOG extraction.
Additional overlays on the groundwater mapping theme include the shapefiles on areas where prospecting and mining, as well as petroleum exploration and production, is legally prohibited (Holness 2013) , subterranean groundwater control areas (DWA 2014b), borehole information from the National Groundwater Archive (DWA 2014a), Vegter's groundwater regions (DWA 2013) rivers (Nel et al. 2011) , water management areas (DWA 2014b), roads (Openstreetmap 2014 ) and technical cooperation permit (TCP) and exploration right (ER) areas (PASA 2014). These overlays were indicated by experts as useful during reconnaissance and were thus included as overlays.
Indicator classification and identification of buffer zones for the geological structures overlay map
Aquifer vulnerability as updated during the Groundwater Resource Assessment Phase II (GRAII) project (DWAF 2005) is an accepted representation of South Africa's regional groundwater vulnerability and was used as a base layer to indicate regional groundwater vulnerability to UOG extraction. Various surface activities that form part of the UOG extraction process can contribute to shallow Environ Earth Sci (2017) 76:626 Page 5 of 13 626 aquifer contamination and vulnerable shallow aquifer areas should thus be protected.
Selected aquifer vulnerability classes were tested via expert input via Questionnaire 2. It was classed into low (\90), moderate (90-140) and high ([140) classes by the GRAII project. The low and high classes are further subdivided into very low (\50) and very high ([160) classes to derive the 5 classes. A map of these classifications can be seen in Fig. 1 .
Sixty per cent of the respondents supported the aquifer vulnerability classification fully. Of those who did not support it fully, reasons were not related to the classification, but were related to the use of the indicator. The concern of the experts who did not support it fully was that this indicator only indicates shallow groundwater vulnerability, which according to these experts, is not a concern during UOG extraction. However, land surface impacts from UOG extraction, especially CBM extraction processes, will impact severely on shallow groundwater resources. The use of the DRASTIC approach to perform a basin-wide (regional) assessments of shallow groundwater vulnerability from CBM extraction in Australia was recently illustrated by Navi et al. (2017) and Rivard et al. (2014) . One expert expressed the opinion that there must be a separate set of vulnerability descriptions for impacts generated at the source of shale oil and gas (deep seated shale horizons), and the methodologies that are applied to develop UOG resources on the land surface (hydraulic fracturing and borehole construction works).
Geological structures such as dykes, kimberlites and diatremes, faults, shear zones, and fold axes from the 1:1,000,000 South African geological map (CGS 2013) were all included as overlays on top of the vulnerability base layer as areas where more caution should be exercised. The flagging of these structures was a first attempt to address the vulnerability aspects of impacts generated at depth (as highlighted above by the one respondent). Buffer zones were assigned and can operate as ''setback rules'' or as zones within which a more cautious approach should be followed.
Buffer zones were applied to these structures due to the uncertainty of the morphology of these structures at depth. These buffer zones are based in part on mapping work done for the Karoo Groundwater Atlas (Rosewarne et al. 2013 ). The buffer zones indicate zones within which more care should be taken during UOG exploration and extraction. The applied buffer zones, which were tested for appropriateness via expert input during Questionnaire 2, can be seen in Table 2 . Eighty per cent of respondents supported the buffer zones as identified by the researcher; however, some of these buffer zones have been adjusted based on input and comments from certain experts. A map of these structures, with buffer zones, can be seen in Fig. 2 .
Final interactive groundwater vulnerability map for UOG extraction
The spatial datasets of the groundwater theme of the interactive UOG extraction vulnerability map can be explored and interrogated by zooming, panning, and querying. When the user clicks on a specific entity to query it, information is displayed in an information box.
The functionality of the interactive groundwater vulnerability map for UOG extraction and the types of queries that can be lodged are illustrated in Fig. 3 . Here, the map has been zoomed to a prospective UOG extraction area, and it has been queried at the point indicated on the map by the red arrow. In this example, the DRASTIC groundwater vulnerability base layer at the query point on the map is rated as medium, meaning that precautionary measures should be taken to protect the shallow groundwater resources in this area. At this point on the map, there is also a dolerite dyke that has been buffered with 500 m. UOG companies should in this example, therefore, avoid any UOG extraction activities within 500 m of this geological structure, to minimise the risk of groundwater contamination from UOG stimulation wells or from possible associated UOG extraction wastewater spillages, via this geological structure. At this point, an ephemeral river and a groundwater supply borehole are also present, which would have to be avoided in order to minimize the risk of groundwater contamination at the borehole and also contamination to groundwater resources via surface watergroundwater interaction at the river.
The type of queries which can be lodged on the interactive map may assist regulators and policymakers in South Africa in deciding how UOG extraction should be regulated in certain sensitive areas before UOG extraction is allowed, in order to proactively protect groundwater resources during UOG extraction. It could also prove a valuable tool for local-scale environmental impact assessments. Ideally, this map should be updated with real-time monitoring data from UOG operations, when such operations are taking place, to extend the usefulness of the interactive map and to assist in proper natural resource protection.
Conclusion and policy recommendations
The importance of linked regional baseline vulnerability mapping and groundwater monitoring for protection of valuable and vulnerable groundwater resources
In terms of groundwater, the unique features in South Africa in terms of complex geology where dolerite dykes intruded the native country rocks Hobbs et al. 2016) , the complex fractured rock aquifer systems Steyl et al. 2012) , and the limited water availability (Esterhuyse et al. 2016b; Hobbs et al. 2016 ) warrant a cautious approach regarding water resources in our endeavour to extract UOG, since the environmental and socio-economic consequences linked to impacts of UOG extraction on water resources may be much more severe than in other countries where UOG is currently extracted. Brantley et al. (2014) stated that firm conclusions on water resource impacts are hampered by a lack of information about the location and timing of incidents, not releasing water quality data related to specific incidents due to liability or confidentiality agreements; the sparseness and accuracy of sample and sensor data for the analytes of interest, and the presence of pre-existing water quality impacts that hampers determining impacts from UOG extraction. This illustrates the importance of proper baseline monitoring that is linked to baseline vulnerability mapping.
Most international vulnerability maps for UOG extraction have been produced retrospectively, after UOG operations have already started, and do not represent baseline maps. Baseline monitoring and developing related baseline vulnerability maps could provide direct input into an adaptive management approach by reducing uncertainty in our understanding of the effects of UOG extraction and risks to natural resources and humans, while providing an impartial scientific base to support the sustainable use of resources in UOG extraction areas. Countries that are still planning to embark on UOG extraction, thus, have the unique opportunity to address data needs and perform crucial baseline vulnerability mapping before UOG extraction starts.
While baseline water quality mapping before the start of UOG exploration is now becoming international standard practice , Rivard et al. (2014) stress the importance of (1) common databases, methodologies, and deliverables so that final results, tools, maps, and cross sections will be comparable and/or have similar meanings, and (2) the mandatory participation of regional organisations to ensure that what is being studied is relevant to the region, and that knowledge, maps, and tools are transferred to users. They also noted the need for a transfer of scientific information to the stakeholders. In this regard, the interactive vulnerability map aims to address the issues of common databases to ensure comparable maps and common interpretations of results, as well as the transfer of scientific information to stakeholders (government, consultants, and academia). The Academy of Science of South Africa (ASSAF 2016) also stated that technology, scientific studies, and regulations must be developed coherently in South Africa to ensure sustainable development during UOG extraction. Such regulations should include mandatory participation of the relevant stakeholders.
The interactive vulnerability map that was developed for South Africa has assisted practitioners in performing the strategic environmental assessment for shale gas development in the Karoo (Hobbs et al. 2016 ), but may also in future be useful during assessments of water use licence applications, UOG extraction permit applications and EIAs, since this map presents the relevant vulnerability information in a central location and in a comprehensible format. Decision-makers usually struggle with making decisions on licences since all the relevant information is not easily accessible in one central location. International Table 2 Buffer zones for geological structures
Indicator
Buffer zone used in Fig. 2 Reasons for using these buffer zones Dykes 500 m from centre line of structure 250 m buffer zones were suggested by Rosewarne et al. (2013) ; however, one expert suggested 500 m to cater for the possibility of reactivated dykes (where a series of several deep fractures may run along the dyke). Another expert stated that if a 250 m buffer zone is applied, it should be applied from the rim of the structure and not from the centre line. CGS data on dykes is, however, only available as lineaments and thus a 500 m buffer zone was applied
Kimberlites and diatremes 500 m radius from centre point of structure 100 m consideration zones were suggested (Rosewarne et al. 2013) ; however, kimberlites have complex associated emplacement models (Field and Scott-Smith 1999; Skinner 2009 ) and the surface and underground morphology of these structures may be quite large and varied (Field and Scott-Smith 1999; Woodford and Chevallier 2002) , with surface outcrop morphology varying from 1 to [15 ha (Skinner 2009 ). The researcher suggested a 250 m buffer zone from the centre point of the structure; however, one expert stated that the possibility of radial structures running from these features may still exist 250 m from the feature and suggested a 500 m buffer. Another expert stated that buffers should be applied from the rim of the structure and not from the centre point-a 500 m buffer zone is thus deemed more appropriate Faults, shear zones, and fold axis 1000 m from centre line of structure 250 m buffer was suggested by Rosewarne et al. (2013) ; however, one expert stated that unless these features are mapped in detail, a buffer of 250 m is too narrow. Fold axes must be treated separately as their fold axis limb angles should be considered which may push the distance to several kilometres. A buffer of 1000 m is thus applied based on the buffer suggestion by this expert Dolerite sills 250 m from rim of surface outcrops
Morphology of sill surface outcrops may not be representative of underground morphology (Rosewarne et al. 2013) . The researcher suggested the applying the precautionary principle with a buffer zone of 250 m from the rim of these structures. One expert stated that a differentiated approach should be used here, since transgressing sills are complex and a dislodged contact may reach all along the contact zones, which might stretch for kilometres. Bedding plane sills may offer a high security to percolating fluids/gases from the shale gas source. A buffer of 250 m is used here in lieu of more detailed data and to adhere to the precautionary principle Undifferentiated structures 1000 m from centre line of structure Due to unknown structure type and morphology, the researcher in the questionnaire suggested applying the precautionary principle with a 250 m buffer zone. One expert stated that depending on the geometry, shale oil and gas exploration and extraction should be limited near these features. Unless detailed geophysical investigations have been conducted, the buffer should be 1000 m. Concerns have again been raised by one expert regarding applying buffer zones from the rims of these structures, thus a 1000 m buffer zone may be more appropriate Thermal springs 1000 m radius from coordinate position 1000 m consideration zones are suggested in Rosewarne et al. (2013) . Thermal springs are associated closely with deeper geological structures (Kent 1969) , usually with faults and folds (Olivier et al. 2011) , and thermogenic methane associated with some thermal springs indicate definite deep connections . The researcher suggested a 500 m radius as a 1000 m may be too stringent, but one expert stated that springs get their water from recycling shallow water sources and indications are that this geothermal water may come from 1000 mbgl. A 1000 m radius buffer zone is thus suggested by the experts and was applied experts also commented on the need to have a centralised database for UOG extraction and its related activities. In order to maintain an updated centralised database, public disclosure of fracking data must be required to ensure that policymakers, researchers, industry, and other stakeholders have access to comprehensive and reliable information on the localities of active and abandoned wells, as well as related data that is important for the protection of natural resources and human health (Konschnik and Dayalu 2016) .
The critical need for local shallow and deep groundwater resources assessment and aquifer classification during the EIA phase
The risk of groundwater contamination from UOG exploration and extraction is a major societal concern, not only in South Africa, but also in other countries that rely extensively on groundwater resources for providing drinking water or for agricultural or industrial use. Even though the South African interactive groundwater vulnerability map for UOG extraction is a useful start to protecting groundwater resources in South Africa, it only provides a regional baseline of groundwater conditions and sensitivities. Intensive local-scale groundwater resource assessment and aquifer classification are therefore required in the UOG extraction target areas before exploration even starts. Such studies would typically be executed during the EIA phase. Aspects that would need to be investigated to fill current knowledge gaps regarding the impact of UOG extraction on groundwater resources include field testing to determine potential mechanisms and pathways by which hydrocarbon gases, reservoir fluids, and fracturing chemicals might potentially invade and contaminate useable groundwater . Since groundwater decontamination is difficult, or nearly impossible, it is also essential to evaluate exploration and production conditions that would prevent or at least minimize risks of groundwater contamination . Lavoie et al. (2014) also state that, despite the fact that groundwater resources may be relatively well characterised in some regions, there is currently no recognised method to evaluate the vulnerability or risks to aquifers resulting from hydrocarbon industry operations carried out at great depths. In the South African interactive groundwater vulnerability map, geological structures were included as a map overlay in an attempt to address this issue on a regional scale. However, there is a need to perform detailed local assessments of the deeper geology and geohydrology linked with detailed fracture mapping if we want to effectively protect groundwater resources during UOG extraction. South Africa recognised this concern and thus requires in their ''Regulations for petroleum exploration and production'' (RSA 2015), during EIA assessments, an assessment of the conditions below ground, where the geology and geohydrology of the target area must be assessed and a report submitted to the designated agency for approval prior to well design and drilling (i.e. prior to exploration). Information that should be contained in the report includes stratigraphy to understand structural complexity, hydrogeochemical character of the target formations, information on porosity, permeability, naturally occurring fissures and fractures, the presence and morphology of dolerite, kimberlite and other tectonic structures and a model of fluid migration in the geological formations. The South African Department of Water and Sanitation, the custodian of the country's water resources, is in the process of drafting regulations to specifically protect water resources during UOG extraction, where these aspects will also be addressed. In the Water resources chapter of the strategic environmental assessment (SEA) for shale gas development (Hobbs et al. 2016) , conservative setbacks from sensitive aquifers, groundwater features, and geological structures have been recommended in the absence of detailed local field information. The SEA also requires detailed field assessments during the EIA phase to augment current geohydrological and geological information that is mostly only available on a shallow depth and regional scale for groundwater resources and only on a regional scale for geology.
The importance of developing an updatable database during UOG extraction to update the groundwater vulnerability map
While a vulnerability map that shows vulnerable entities may be useful to regulators, it is recommended that the Fig. 3 Example of the interactive groundwater vulnerability map for UOG extraction zoomed in on a specific area and queried for information vulnerability map be linked to an active South African database, much like the Fracktracker database, an extensive interactive map that shows information on where UOG extraction takes place by showing well site, gas pipeline, and shale gas deposit localities, and where available, information on volumes of water and chemicals used and wastewater recovered (Fracktracker Alliance 2016). The interactive groundwater vulnerability map for UOG extraction does not currently show localities of fracking activities since UOG extraction has not started yet in South Africa and only shows the potential areas where UOG extraction may take place (the PASA permit areas). The information on permit areas, however, needs to be updated regularly, and when exploration and extraction of UOG resources occur, information on well pad localities, volumes of water and chemicals used, as well as related monitoring information and related infrastructure development, needs to be included on such an interactive map. Such information would also need to be regularly updated.
Currently, components of the vulnerability map that were developed during this project have been taken up for use in the SEA of planned shale gas exploration in the central Karoo region (Scholes et al. 2016) . It would, however, be very useful for South Africa to develop vulnerability maps that show the vulnerability (sensitivity) of natural resources and socio-economic aspects that also includes UOG extraction activities on a linked live database, such as the Fracktracker maps. Such a tool would assist decision-makers with resource protection strategies, both in countries still planning to embark on UOG extraction and countries which already are extracting UOG resources. Wang et al. (2011) describe an updated approach to groundwater vulnerability mapping during UOG extraction, where both natural geological and human factors are taken into account. In their model, the natural geological factors include the following: oil-gas deposit quantity and size, distances from oil-gas deposits to confined aquifer and aquifer media characteristics, distribution of faults and filled media characteristics, and permeability and continuity of the aquifer media. The human activities factors include the number and distribution of oil wells, the number and distribution of water input wells, and the exploitation quantity of groundwater. Of the above factors, only some indicators are known at this stage in South Africa, while UOG exploration and extraction related indicators will only become available once UOG exploration and extraction starts. However, since this information is so important for updating groundwater vulnerability maps, it would have to be properly regulated to ensure that such data is reported to government by UOG companies and is properly monitored also properly archived (Hobbs et al. 2016) .
